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Abstract 
Silver nanoparticles (NPs) self-assembled monolayer (SAM) was deposited on pentacene organic field-effect 
transistors (OFET) via modified Langmuir-Sch㽯ffer (horizontal lifting) technique and its effect was being 
investigated by steady-state method which is current-voltage measurements. Here we focus on its effect to the 
carrier injection. The contact resistance, drain-source current, trapped charges and threshold voltage analysis 
revealed that OFET with SAM exhibited significant charge trapping effect due to the space charge field formed by 
immobile/ trapped charges and further influenced the carrier injection. 
 
© 2010 Published by Elsevier B.V. 
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1. Introduction 
Organic field-effect transistors (OFETs) are widely used mainly as logic devices in organic electronics 
applications [1]. However, their applications can also be expanded to electroluminescence (EL) as well as memory 
devices [2].  The performance of organic devices which depends on charge transport is one of the most studied 
phenomena in device physics in last decade [3,4] and variations in device geometries to improve measured current 
especially in OFETs [5] made  comparison of device parameters complicated. Nevertheless charge storage effect in 
the device i.e. memory effect had also gained attention of scientists and researchers. 
 
Hence, one of the promising ways to store charges in the devices is by introducing metal NPs into devices and 
their charge storage properties had attracted attention in application-based research to develop NP-based nonvolatile 
memory. Nanoparticle is considered as a concentric spherical capacitor according to common model of double-layer 
charging [6]. The capacitor formed by conducting metallic spheres with the radius, r, separated by a dielectric shell 
of the organic monolayer with a thickness, d, and the static dielectric constant, H0Hr ,has a capacitance CNP=4SH 0Hr 
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r(r+d)/d [7]. As a result, the small size of NPs leads to extremely low value of capacitance and observation of the 
single electron charging to and from NPs at room temperature. Note that this charging can be interpreted as the 
Maxwell-Wagner charging of the double-layer system [8], by considering the charging was caused from the 
difference of carrier spreading time between NPs and surrounding organic material. Incorporation of NPs to the 
organic device had be reported [9-11] and the charge storage was also described by the charge trapping phenomenon 
[12]. Many approaches had been done to obtain charge retention properties where NPs is added into the devices as 
nanocomposite gate insulator [2], nanocrystal [13], sandwiched between gate-insulator and blocking layer [10] as 
well as Langmuir-Blodgett (LB) layer [14].  It was found that air-liquid interface provides an ideal way for self-
assembling of NP films [15] especially the Langmuir films [14]. The NP film was created on the air-liquid interface 
and subsequently deposited onto the solid substrate. Compared to blending of NPs into gate insulator which acts as a 
composite which had been reported mainly as high-k materials [16], the self-assembled monolayer (SAM) which is 
sandwiched between semiconductor-insulator interface provides us a simple and direct way in understanding of the 
interface phenomenon, because we can control the density of NPs more easily and also to get information on the 
effect of trapped charges at the interface. 
In this study we report the trapping effect of the silver NPs (Ag NPs) monolayer deposited on the organic 
semiconductor - gate insulator interface and the alteration of devices parameters. 
 
2. Experiment 
The Ag NPs with the size of ~ 6 nm encapsulated in oleic acid/oleylamine were synthesized according to the 
method published in detail elsewhere [17]. NPs were dissolved in chloroform (Sigma-Aldrich) prior the spreading 
on the water subphase (18.2 MΩ.cm) of the Langmuir trough using a microsyringe (Hamilton, Reno, NV). The 
monolayer was allowed to become equilibrium for 30 minutes before the compression takes place. This time was 
found to be sufficient for the solvent to evaporate and formation of monolayer. Subsequently the Ag NPs monolayer 
was then deposited on the solid substrate by the modified Langmuir-Sch㽯ffer (horizontal lifting) technique at a 
surface pressure of 5 mN/m (surface pressure-area isotherm not shown here). The SAMs of NPs are homogeneous 
on large areas and free of cracks [18]. The density of NPs on the surface was estimated as 2u1012 cm-2(by assuming 
the diameter of NP with organic envelope to be ~ 8 nm ). 
Organic devices used in experiments were top-contact pentacene OFETs as shown in Fig. 1. Heavily-doped Si 
wafers with a 500~nm thick thermally prepared silicon dioxide (SiO2) insulating layer were used as the base 
substrates. The Ag NPs monolayer was deposited onto Si wafers prior to the vacuum evaporation of pentacene (100 
nm in thickness). During the deposition of pentacene, the pressure was kept at less than 10-4 Pa and the deposition 
rate was fixed at 0.5 Ǻ/sec, monitored by quartz crystal microbalance. After the deposition of pentacene, gold 
electrodes (source and drain electrodes) of a thickness 100 nm were deposited on the pentacene surface. The 
designed channel length (L) and width (W) were 30-100 Pm and 3 mm, respectively. Device without monolayer was 
used as a reference OFET. Prepared devices were characterized by the standard steady-state current-voltage 
measurement using Keithley 2400 SourceMeter for to determine contact resistances and effective mobilities. 
All measurements were performed in laboratory ambient atmosphere. The evaporation of pentacene and gold 
electrodes for samples with and without NPs SAM were carried out simultaneously to ensure uniform sample 
preparation conditions. 
 
 
 
 
 
 
 Figure 1. (a) Sketch of the top contact structure of pentacene organic field-effect transistor (OFET) with Ag NPs 
SAM on gate insulator for I-V and TRM-SHG measurements. (b) The Ag NP in organic envelope has a size of 6 
nm. 
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3. Results and Discussion 
 A. Current-voltage characteristics 
 Figure 2 shows transfer characteristics of samples with and without Ag SAM for 60 Pm channel length with 100 
nm pentacene which were both scanned from +100 to -100 V (forward scan) and then -100 V to +100 V (backward 
scan) at Vds = -100 V. Both samples possess typical OFET behaviour. The effective mobility, PI-V can be evaluated 
from the I-V characteristics in the linear regime which is given as 
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where Vgs is the applied gate bias, L is the channel length, W is the channel width, Vds is the voltage applied to the 
drain electrode and Cox is the gate insulator capacitance are depicted in Fig. 2. Sample with Ag monolayer possesses 
higher hysteresis with significant negative voltage shift from 70 V  to 59 V which indicates there might be a trapping 
of holes. The trapped charge density can be evaluated from 'Q=Cox' Vth where Q is trapped charge. The calculated 
value yields 74 nC/cm2 which corresponds to 4.6 u 1011 of traps or one trap for each 4 NPs. This also shows that in 
steady-state the rate of trapping and detrapping achieves some equilibrium which results in 4 NPs for each trap 
instead of one NP per trap one in transient-state.  Here we must point out that the drain source current is an order 
lower for sample with monolayer.  The effective mobility determined by transfer characteristic for sample with and 
without monolayer is 3.7 u 10-2 cm2V-1s-1 and 2.6  u 10-3 cm2V-1s-1  respectively or 14 times lower for monolayer 
sample. Output characteristics shown in Fig. 3 also revealed that the output drain-source current is more than an 
order lower compared to reference sample. 
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Figure 2. Transfer characteristics of sample without and with NPs SAM for L= 60 Pm. 
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Figure 3. Output characteristics of sample (a) without and (b) with NPs SAM for L= 60 Pm. 
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The transmission line model (TLM) was used [19-21] to determine the contact resistance in steady-state which is 
depicted by Fig. 4a. It was assumed that at low drain-source voltage, carrier density is almost constant along the 
channel, i.e. the channel conductivity, V (=enP) is constant. Therefore the total source-drain resistance (Rtotal) is 
expressed as 
                                                    
p
thgsg
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where  Rch represents the channel resistance in proportion to channel length L,P stands for the effective mobility, 
and  Rp represents the parasitic resistance. Here Rp represents the sum of the contact resistance Rc and the resistance 
in the film region between the source electrode and gate insulator interface. The extrapolation of Rch to zero channel 
will yield the contact resistance. Note that contact resistance is determined by carrier injection. Figure 4b illustrates 
the dependence of contact resistance against the applied voltage, we can see that for reference sample the contact 
resistance is dependent of applied voltage where increase of applied voltage actually decreases contact resistance 
which indicates the starting of the carrier injection. However for monolayer sample the contact resistance increases 
with the applied voltage and the values are higher at high applied voltage compared to reference sample. The reason 
of higher contact resistance probably due to increase of injection barrier which had been created by carrier trapping 
contributed by Ag NPs which impedes carrier injection and transport. Here it is intuitive to claim that the increase of 
applied voltage actually is used to fill more traps, and the trapped charges on the surface directly affects the carrier 
injection into the device. 
  Assuming the Schottky-effect injection process, Rc is calculated by differentiation of general emission current 
equation which is given as 
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where  Es = (e3/4SH0Hr) is well known as Schottky constant, A=4S e me k2B/h3 is the Richardson-Dushman constant 
in the remission current, ) is the barrier height in the absence of both external field and space charge effect, kB is 
Boltzmann's constant, and T is the temperature. Here Eint is the electric field at the injected electrode-pentacene 
interface; it is given as sum of the external electric field Eext and the space charge field, Esc (Eint = Eext + Esc ). Here  
Esc is nonzero at the injection electrode. It changes with the amount of accumulated charges in OFET. From 
equation (3) we can see that contact resistance is related to electric field at the injected electrode-pentacene interface. 
In other words higher contact resistance with introduction of Ag monolayer is due to space- charge field formed by 
trapped holes which restricts carrier injection. Here we can conclude that the Schottky effect accounts for the carrier 
injection of pentacene FETs and inclusion of NPs SAM actually increases the Schottky barrier and charge 
accumulation at the interface. 
From eq. (3) we can see that when x = 1, Eint = (kB T/ Es)2,  Rc will reach its maxima and then decays which 
indicates  the compensation of local electric field formed inside the device by excess charges had been 
accomplished by application of external electric field. Therefore from Fig 4b we can observe that even at low 
applied voltage on reference sample the local electric field had been pre-compensated and results in decrease of 
contact resistance but not for sample with NPs. The increase of contact resistance shows that the internal field which 
is partly contributed by space charge field possibly by the trapped carriers had not been compensated or in the other 
words, the trapping had not been entirely filled by the external electric field which will not decrease the contact 
resistance. Simulation results in increase of effective energy barrier by factor of 1.5 and negative shift of the voltage 
for compensation of internal fields by approx. -22 V. As has been described above, the introduction of metal NPs as 
an interlayer of the OFET device effectively regulates carrier injection, possibly due to the space charge field 
formed by trapped holes. 
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Figure 4. The contact resistance evaluated by (a) TLM method and (b) as a function of applied voltage for a sample 
with and without SAM. 
 
4. Conclusion 
In conclusion, the effect of NP SAM monolayer on the carrier behaviour of OFET had been demonstrated. The 
effect is mainly due to charge trapping phenomenon induced by Ag NPs at pentacene-gate insulator interface which 
provides us direct observation of mentioned phenomenon. This differs from the case of NPs which were dispersed in 
composite which had been reported as bulky effect. Increase of contact resistance as well as decrease of saturated 
drain-source current, negative shift of threshold voltage reflects the rapid decrease of mobile carrier density when 
trapping exists due to space charge electrostatic field formed by traps at the interface. This further affirms that the 
space charge field formed by the traps can hinder the carrier injection and other properties in OFETs. 
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